The field screening effect on the electronic and field-emission properties of zigzag graphene nanoribbons (ZGNRs) has been studied using first-principles calculations. We have systematically investigated the effect of inter-ribbon distance and ribbon width on the work function, field enhancement factor, band gap and edge magnetism of zigzag graphene nanoribbons (ZGNRs). It is found that the work function of ZGNRs increases rapidly as the inter-ribbon distance Dx increases, which is caused by the positive dipole at the edge of the ribbon. For a given Dx, the work function of ZGNRs decreases as the ribbon width W increases. The wider the width of ribbon, the stronger the effect of inter-ribbon distance on the work function. Using a simple linear interpolation model, we can obtain the work function of ZGNR of any ribbon-width.
Introduction
The first two-dimensional (2D) material graphene, composed of a single atomic sheet of graphite, has been successfully synthesized in laboratory 1-6 and has ignited intense investigation. Its electrons and holes behave like a massless Dirac fermion.
Graphene (2D), with its planar, hexagonal arrangement of carbon atoms, is the basic structure forming graphite (3D), carbon nanotubes (1D), and fullerenes (0D). These novel forms of carbon present unique opportunities to study low-dimensional physical phenomena. Motivated by interest in fundamental physics and by the recognition of their unique and versatile applications 7-9 , graphene and related structures have been extensively investigated 10- 13 . A quasi-one-dimensional graphene nanoribbon is constructed by cutting or by patterning a graphene sheet along a specific direction 5,6,14 .
Such a graphene nanoribbon is essentially a strip of graphene with finite width, nanometers in size. Graphene nanoribbons with zigzag shaped edges are generally referred to as zigzag graphene nanoribbons (ZGNRs). The ZGNRs have unusual electronic localized edge states which decay exponentially into the center of the nanoribbon 14 . The edge states are a two-fold degenerate flat band at the Fermi level, with the flat band lasting about one-third of the Brillouin zone starting from the zone boundary. While counting the spin polarization effect, the ground state of ZGNRs appears as antiferromagnetic. That is, the two edges of the ribbon prefer to exhibit opposite spin orientations and the total spin is zero. Thus, the degenerated edge states split into two states with opposite spins and an open gap. The ZGNRs become semi-conducting but not metallic [15] [16] [17] [18] [19] . The band gap varies with the width of the ZGNR. Tuning the electronic properties of the ZGNRs has been a subject of interest to both experimental and theoretical researchers, with the motivation of finding possible applications. The ZGNRs may become half-metallic when an external electric field is applied across the nanoribbon, as suggested by Son et al. 16 The effect of this external electric field is to cause the band gap to close in one spin direction and to open in the other spin direction. Besides an external electric field, the distortions and defects of the ZGNR are also predicted to have an effect on band structures 20-21 . Furthermore, doping with various types of foreign atoms, adsorption of foreign atoms or molecules and external stress are other effective ways to widen their possible applications 22-24 .
Owing to the structure being similar to carbon nanotubes, graphene nanoribbons are expected to have various unique properties and potentials for applications in nanoelectronics and nanomechanical devices. The high aspect ratio, excellent electrical and thermal conductivity, and good mechanical properties make graphene When the length of the carbon nanotube is longer than the intertube distance, the field enhancement factor of the finite-length carbon nanotube arrays increases rapidly as the intertube distance increases. This phenomenon is caused by the field screening effect.
The electric field penetration between carbon nanotubes (CNTs) increases as the intertube distance increases, leading to an increase in the field enhancement factor. Up to now, there has been no comprehensive systematic study of the effect of inter-ribbon distance and ribbon width on the work function, field enhancement factor, band gap and edge magnetism of zigzag graphene nanoribbon, and this will be the focus of this work.
Results and discussion Figure 1(a) shows the atomic structures of a 6-ZGNR, with the coordinate axes defined in Fig. 1(b) . We refer to a zigzag graphene nanoribbon with N zigzag chains as a N-ZGNR. The dangling bonds at the edges of the ribbon are passivated by hydrogen atoms. The nanoribbon edge direction is along the z-axis and a manipulated vacuum We now study how the inter-ribbon distance affects the field enhancement factor of ZGNRs. In order to simulate a homogenous external electric field (E) in the z-direction (perpendicular to the edge) as shown in Fig. 1(b) , we impose an electric field by applying a classical dipole sheet at the middle of the vacuum region in the z direction. The field enhancement factor ( ) is defined as the ratio of the maximum value of the local electric field in the vicinity of the edge of the ZGNR to the applied field. The local electric field is determined by the gradient of the Coulomb potential energy difference induced by the applied field. 
The dashed line in Fig. 4(a) In order to describe the screening effect more quantitatively, we calculate the value of Dx such that the enhancement factor is 50, 60, 70, 80, 90 and 99% of its saturated value for various ribbon widths, using the curve-fitting results from Fig. 4(a) .
The results are shown in Fig. 4(b) . The solid line in Fig. 4(b) is the third degree polynomial curve-fitting result. When the ribbon width is smaller than 20 A 0 , the enhancement factor almost reaches 90% of its saturated value as Dx  2W. For the case of 12-ZGNR, the value of Dx which reaches 90% of its saturated enhancement factor is 2.5W. Therefore, the wider the ribbon, the larger the ratio of the inter-ribbon distance and ribbon width ( Dx/W ) which is needed to suppress the screening effect.
In the following we investigate how the dependence of the band gap and edge magnetism on external electric field is affected by the inter-ribbon distance. As revealed in previous studies 16 , the ground state of the ZGNR is as an antiferromagnetic semiconductor with antiparallel spin orientation between the two edges. The states of opposite spin orientation are degenerate, and the band gap is inversely proportional to the width of the ribbon. When an external electric field is applied across the nanoribbon, the degeneration of the edge states of opposite orientation is split. One of the spin states, labeled as -spin, will wider its gap while the other spin state, labeled as -spin, will close its gap. Finally, we consider the screening effect on the magnetic moment of the edge carbon atoms. Figure 6 exhibits the magnetic moment on the edge carbon atoms for the A-sites and B-sites of ZGNRs under external electric fields of 0.0, 0.1 and 0.2 V/A 0 . Without the external electric field, the total magnetic moment of ZGNR is zero, and the localized edge states on each edge atom have opposite and equal magnetic moment. For a given inter-ribbon distance, the magnetic moment increases as the width of the ribbon increases. This is also in good agreement with the previous calculation 41 . The inter-ribbon distance can slightly affect the edge magnetism. The magnetic moment on the edge atom decreases slowly and then tends toward saturation as the inter-ribbon distance increases due to the screening effect of the ribbon array.
When an external electric field is applied, the magnetic moment on each edge atom is suppressed. The modulation of the magnetic moment of the edge atom at the A-site is stronger than that of the edge atom at the B-site. Therefore, the total magnetic moment is nonzero under an external electric field. It is clear that the inter-ribbon distance can modulate the edge magnetism. The magnetic moment on the edge atom decreases slowly and then tends toward saturation as the inter-ribbon distance increases, which is also due to screening effect of the ribbon array. The wider the ribbon, the stronger the effect of the inter-ribbon distance on the edge magnetism.
Conclusions
In conclusion, we have systematically investigated the effect of inter-ribbon distance on the work function, field enhancement factor, band gap and edge magnetism of zigzag graphene nanoribbons using first-principles density functional theory. We found that the work function of ZGNRs increases rapidly as inter-ribbon distance Dx increases, which is caused by the positive dipole array at the edge of the ribbon. For a given Dx, the work function of ZGNRs decreases as the width of the ribbon increases. The wider the ribbon, stronger the effect of Dx on the work function.
Using a simple linear model, we obtain the work function of ZGNR of any ribbon-width. The field enhancement increases rapidly when the inter-ribbon distance increases as long as Dx < W. When we further increase Dx, the field enhancement increases slowly and then tends toward saturation. The inter-ribbon distance of ZGNRs can modulate the magnitude of the band gap and magnetic moment of the edge atom.
These observations can be explained by the screening effect of the ribbon arrays. Our findings not only provide an insight into understanding the screening effect on the characteristics of the ZGNRs, but also provide a guideline for their efficient application in field devices.
Method of Calculation
The calculations were performed by the density functional theory (DFT) 42 
